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Cryphonectria parasitica hypovirus 3-Grand Haven 2 (CHV3-GH2) is the most recently characterized member of the
Hypoviridae family of viruses associated with hypovirulence of the chestnut blight fungus. Isolates of CHV3-GH2 contain
either three or four double-stranded (ds) RNAs that are visible on ethidium bromide-stained agarose or polyacrylamide gels.
Only the largest dsRNA appears to be required for virus infectivity, and was characterized previously (C. D. Smart et al., 1999,
Virology 265, 66–73). In this study, we report the cloning, sequencing, and analysis of the other three dsRNAs. Sizes of the
accessory dsRNAs are 3.6 kb (dsRNA 2), 1.9 kb (dsRNA 3), and 0.9 kb (dsRNA 4), compared to 9.8 kb for the genomic dsRNA
segment (dsRNA 1). All three accessory dsRNA species are polyadenylated on the 39-end of one strand, as is genomic
dsRNA. DsRNA 2 represents a defective form of dsRNA 1, with the 59-terminal 1.4 kb derived from the 59-end of dsRNA 1 and
the 39-terminal 2.2 kb from the 39-end of dsRNA 1. A single major open reading frame (ORF) is evident from deduced
translations of dsRNA 2. The deduced translation product is a 91-kDa protein that represents a fusion consisting of the entire
N-terminal protease and the entire putative helicase domain. DsRNAs 3 and 4 represent satellite RNAs that share very little
sequence with dsRNA 1 and 2. DsRNA 4 is 937 nucleotides, excluding the poly(A)1. The first AUG of the polyadenylated
strand of dsRNA 4 occurs eight residues in from the 59-terminus and would initiate the largest ORF on dsRNA 4, with the
coding capacity for a 9.4-kDa protein. Within the deduced ORF and approximately 100 nucleotides from the 59-end of dsRNA
4 is a 22-base sequence that is identical to sequences found in the nontranslated leaders of dsRNAs 1 and 2. DsRNA 3
accumulation in infected cultures varied, but it was less abundant than dsRNA 4. DsRNA 3 was found to represent a
h of 4head-to-tail dimer of dsRNA 4 linked by a poly(A)/(U) stretc
INTRODUCTION
Members of the fungal virus family Hypoviridae infect
and cause hypovirulence in the chestnut blight fungus,
Cryphonectria parasitica ([Murr.] Barr) (Hillman et al.,
1995; see Nuss, 1996, for review). Although they are most
closely related to the Potyviridae family of rod-shaped,
plant-infecting single-stranded (ss) RNA viruses (Koonin
et al., 1991), Hypoviridae have properties distinct from
those of other viruses. These viruses consist of one to
several double-stranded (ds) RNAs encapsulated in ple-
omorphic vesicles, with no true capsid. The family con-
tains a single genus, Hypovirus, which includes three
species, designated Cryphonectria hypovirus 1 (CHV1),
CHV2, and CHV3.
The Grand Haven 2 strain of C. parasitica was col-
lected in 1980 from a recovering chestnut grove near
Grand Haven, Michigan (Fulbright, 1984; Fulbright et al.,
1983). Its resident hypovirus, CHV3-GH2, results in hypo-
virulence of the fungus, but otherwise affects the fungus
differently than previously characterized hypoviruses: the
virus has relatively little effect on sporulation, pigment
production, or laccase accumulation in the fungus. Three1 To whom correspondence and reprint requests should be ad-
ressed. Fax: (732) 932-9377. E-mail: hillman@aesop.rutgers.edu.
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dsRNAs were originally identified in isolate GH2, and
were estimated by gel electrophoresis to be 9.0, 3.5, and
1.0 kb (Paul and Fulbright, 1988; Tartaglia et al., 1986).
The largest dsRNA of CHV3-GH2 was recently charac-
terized and was found to be 9.8 kb (Smart et al., 1999). A
fourth dsRNA was also noted in some fungal cultures
(Smart et al., 1999). Terminal sequence analysis and
hybridization studies led to the conclusion that the 3.5-kb
dsRNA represented a deletion of the largest dsRNA. The
1.0-kb dsRNA did not cross-hybridize with the larger
dsRNAs and was thought to represent a satellite dsRNA
(Tartaglia et al., 1986). Biological data supported these
conclusions: isolates containing only the 9.0-kb dsRNA
were generated or identified in populations containing
GH2 dsRNA, but no isolates containing only the 3.5- or
the 1.0-kb segment were identified (Fulbright, 1984; Gar-
rod et al., 1985; Paul and Fulbright, 1988).
All hypoviruses examined in detail appear to contain
monopartite genomes. To date, four genomic dsRNAs
have been sequenced: two from the species CHV1 (Chen
and Nuss, 1999; Shapira et al., 1991b) and one from each
of the species CHV2 (Hillman et al., 1994) and CHV3
(Smart et al., 1999). Shorter-than-full-length dsRNAs are
often a component of hypovirus-infected cultures. Defec-
tive dsRNAs of various sizes have been noted in many
CHV1 cultures (Shapira et al., 1991a). They have been
0042-6822/00 $35.00
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GLIA,observed less frequently in CHV2 cultures (Hillman, un-
published observations). Satellite dsRNAs have not been
reported in CHV1- or CHV2-infected cultures.
CHV3 is of considerable interest because it represents
the most prevalent of the three described hypovirus spe-
cies thus far identified in North American chestnut pop-
ulations. We began to characterize the dsRNA compo-
nents of CHV3-GH2 in detail to gain a more complete
understanding of their structures and effects on the bi-
ology of the fungus. In this investigation, we report the
sequences of the three nongenomic dsRNAs of C. para-
sitica isolate GH2.
RESULTS
Cloning and sequencing of cDNA clones
of GH2 dsRNA
The cultures of C. parasitica isolate GH2 used in this
study contained four major dsRNAs that were visible by
ethidium bromide staining of polyacrylamide or agarose
gels (Smart et al., 1999). The four dsRNAs were purified
from agarose gels, and cDNA libraries were constructed
from the three smallest segments in the plasmid pUC9.
Northern blot analysis was used to examine the clones
and the relationships among the various dsRNAs (Fig. 1).
All cDNA clones representing dsRNA 1 hybridized with
genomic dsRNA 1 but not with dsRNA 3 or 4, confirming
results of Tartaglia et al. (1986) that the largest and
smallest dsRNAs of isolate GH2 did not cross-hybridize.
DsRNA 2 hybridized with clones representing sequences
at or near termini of dsRNA 1 (Fig. 1, first and third blot
panels), but not with clones representing dsRNA 3 or 4
FIG. 1. Northern blot analysis of CHV3-GH2 RNA. DsRNA was
purified by cellulose chromatography, then separated in a 1% agarose
gel. The gel was stained with ethidium bromide and photographed, or
blotted, and probed with 32P-labeled PCR amplification products rep-
resenting nt 401–1158 of RNA 1 (blot lane 1), nt 4437–5677 of RNA 1
(blot lane 2), nt 7793–8642 of RNA 1 (blot lane 3), or RNA 4 (blot lane 4).
182 HILLMAN, FO(Fig. 1, fourth blot panel). Clones representing internal
portions of dsRNA 1 hybridized only with dsRNA 1 (e.g.,Fig. 1, second blot panel), also supporting results of
Tartaglia et al. which suggested that dsRNA 2 represents
a deletion of dsRNA 1. DsRNA 3 and 4 hybridized only
with clones representing one of those two segments, but
all clones hybridizing with either of the two segments
hybridized with both (e.g., Fig. 1, fourth panel). These
results suggested that most or all sequences present in
dsRNA 3 were also present in dsRNA 4.
Sequencing of clones representing dsRNAs 2–4 con-
firmed hybridization results and allowed us to expand on
those results. All three dsRNAs contained a poly(A)1 tail
n one strand. For dsRNA 3, this was determined by
equencing the largest cDNA clone obtained. For
sRNAs 2 and 4, PCR reactions were performed using a
rimer containing an oligo (dT) sequence (12 residues)
lus several residues complementary to the sequence
mmediately adjacent the poly(A)1 tail on the positive
trand, in conjunction with a primer complementary to
nternal sequences on the negative strand.
sRNA 2, a defective RNA
Results of Tartaglia et al. (1986) suggesting that dsRNA
represents a defective form of dsRNA 1 were confirmed
y our initial hybridization results. To examine whether
he putative defective RNA represented a simple deletion
egment or a more complex defective RNA, a variety of
rimer pairs based on the dsRNA 1 sequence were
ynthesized and used for RT-PCR on purified dsRNA 2
emplate. Results from those reactions are summarized
n Fig. 2B. RT-PCR with 39- or 59-terminal primer pairs
esulted in amplification products of predicted sizes.
eactions in which one or both primers were between
rimer GH2-18 (nt 1299–1318 of the dsRNA 1 sequence,
on the upper strand) and GH2-14 (nt 7576–7891 of the
dsRNA 1 sequence, on the lower strand) did not yield
amplification products. Reactions with primers designed
to span the putative junction of dsRNA 2 resulted in
RT-PCR products consistent with the conclusion that a
single major deletion was present in dsRNA 2 relative to
dsRNA 1. Sequencing reactions of RT-PCR products
spanning the putative junction indicated that the 59-prox-
imal break point was after nt 1396; the 39-proximal break-
point was before nt 7543, with a resulting deletion of
6147 nt. Sequencing of two independent cDNA clones
supported conclusions based on direct sequencing of
RT-PCR products, and both clones contained the same
junction sequence as the RT-PCR-generated sequence.
This suggests that, unlike the variability found in junction
sequences of small deletion mutants of CHV1-EP713
(Shapira et al., 1991a), CHV3-GH2 dsRNA 2 appears to
represent a stable RNA population with a single major
junction site.
There was considerable divergence in the sequence
AND YUANof dsRNA 2 compared to the homologous regions of
dsRNA 1. This is summarized in Fig. 2C and Table 1. At
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dthe nucleotide level, there was 95.2% overall identity
between aligned residues of dsRNAs 1 and 2; at the
amino acid level, there was 92% identity. The higher
variability of the amino acid sequences in the ORF is
explained in part by the positions of the residue differ-
ences. In the 59-noncoding region, only 1 of 369 nt dif-
fered between dsRNA 2 and genomic dsRNA 1; in the
39-noncoding region, only 5 of 808 nt differed. Thus, in
the noncoding regions, the percentage of varying nucle-
otides was only 0.6%, compared with 5.3% within the
coding region. Transitions represented 73% of the differ-
ences overall.
Within the ORF, 44% of the nucleotide substitutions
were at 3rd-position residues, and there was a pro-
nounced clustering of divergent nucleotides and atten-
dant deduced amino acid differences in dsRNA 2. From
the beginning of the ORF to the presumed protease
cleavage site between G292 and T293 (Smart et al., 1999;
FIG. 2. Mapping and sequence of defective dsRNA 2. (A) A map
xperiments. (B) Products obtained from RT-PCR experiments and prim
n those PCR products. (C) A map of defective dsRNA 2. Lines below th
hown are sites of the small 15-base and large 6147-base deletions,
omains.
RNAs OF CryphonYuan and Hillman, unpublished), only 9 of 292 amino
acids (3%) differed. The next 111 amino acid residues,
1
sbetween G292 and the first conserved domain of the
putative helicase region beginning at K405, contained 31
28%) differences. This highly divergent region contains
he major deletion junction, at L338. In contrast, alignment
f two independent dsRNA 1 sequences obtained from
solates that were maintained independently for more
han 10 years (Smart et al., 1999) did not show similar
ivergence: within the region represented by defective
sRNA 2, only 23 nucleotide differences were identified
etween the two dsRNA 1 sequences, and there was no
oticeable clustering of these differences (Table 1).
atellite dsRNAs 3 and 4
Based on initial hybridization results of dsRNA 3 cDNA
lones, it was postulated that the complete sequence of
sRNA 4 was represented in the dsRNA 3 sequence.
xamination of the largest cDNA clone of dsRNA 3, the
NA 1 (Smart et al., 1999) and positions of primers used in RT-PCR
ed for the reactions. The 6-kb region represented by dots was absent
indicate sites of nucleotide differences between dsRNAs 1 and 2; also
e relative positions of putative proteinase (PRO) and helicase (HEL)
183hypovirus 3-GH2of dsR
ers us
e map
ectria.9-kb pGH2-B3-15, supported that conclusion (Fig. 3). Its
equence revealed a poly(A)1 stretch of 61 residues
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GLIA,separating two directly repeated sequences, designated
3A and 3B in Fig. 3. The direct repeat sequences were
each in excess of 900 bp and were identical, with the
exception of the 59-ends. The 59-terminal sequence of
the 3A portion of clone pGH2-B3-15 contained 17 nucle-
otide residues not found on the 3B portion (Fig. 3B). The
3B portion of the same clone and of PCR-derived clones
covering the internal poly(A)1 sequence began with the
equence A(40–70)GTAAC. . . , thus appearing to lack one of
he residues present on 3A and RNA 4.
Oligonucleotide primers based on the dsRNA 3 se-
uence were synthesized and used to PCR-amplify
DNA made from purified dsRNA 4 template. The result-
ng PCR product was estimated by gel electrophoresis to
e slightly larger than 0.9 kb, consistent with size esti-
ates for full-length dsRNA 4. Based on sequences of
hese PCR products, primers were made to clone dsRNA
termini by 59-RACE reactions on the upper and lower
trands of dsRNA. Sequences of multiple clones at both
ermini are summarized in Fig. 3B.
A poly(A)1 tail of variable length was identified at the
9-end of one strand of dsRNA 4, as on other CHV3-GH2
egments. Eight poly(A)-containing clones derived from
he lower strand template by 59-RACE and poly(C)-tailing
eactions contained poly(A)1 tracts of 10, 14, 18, 43, 44,
1, 69, and 92 residues. The sequence at the 59-terminus
TABLE 1
Summary of Nucleotide Substitutions at Homologous Positions of
he 3634-Base CHV3-GH2-Defective dsRNA 2 Compared to dsRNA1
GenBank Accession No. AF188514) (1 vs 2)
1 vs 2 1 vs 1
Total substitutions 137 23
Coding 131 17
1st position 38 5
2nd position 35 4
3rd position 58 8
Noncoding 6 6
Transitions 100/137 16/23
A 3 G 37 2
G 3 A 25 8
C 3 U 21 5
U 3 C 17 1
Transversions 37/137 7/23
A 3 C 8 1
A 3 U 5 0
G 3 C 2 0
G 3 U 2 0
C 3 A 7 2
C 3 G 1 0
U 3 A 6 3
U 3 G 6 1
Note. For comparison, differences in the same region between two
dsRNA 1 sequences from independently maintained strains (Smart et
al., 1999) were summarized (1 vs 1).
184 HILLMAN, FOf the poly(A)-containing strand was also determined
rom 59-RACE clones, tailed either with poly(A) or poly(C).
a
ohere was some heterogeneity in the 59-RACE clones,
ut the preponderance of clones terminated with the
equence TGTAACGATG. . . (Fig. 3B). Therefore, with the
xception of the 59-termini, the 937 residues of dsRNA 4
ere identical to the A and B regions of dsRNA 3.
A short ORF with the coding potential for a 9.4-kDa
rotein was identified in deduced translations of the
oly(A)-containing strand of dsRNA 4. The ORF was pre-
icted to initiate very near the 59-end of RNA 4, at
UG8–10. This was the largest ORF on the poly(A)-contain-
ng strand.
Although cDNA clones representing GH2 dsRNAs 1
nd 2 did not hybridize with dsRNAs 3 and 4, the four
sRNAs have a region of common sequence. The 22
ucleotides from T96 to G117 of dsRNA 4 (and the corre-
sponding dsRNA 3 residues) were identical to residues
T79 to G100 of RNAs 1 and 2 (Figs. 3B and 4). Of the 37
residues from T96 to T132 of dsRNA 4, 33 are identical to
corresponding residues of dsRNAs 1 and 2. No other
similar region of sequence identity among these four
dsRNAs was identified.
Secondary structures were predicted for the poly(A)-
containing strand of RNA 4 using the program mFOLD
(Zuker, 1994) (data not shown). Predicted structures var-
ied in detail, but had several features in common: (1)
There was no evidence for terminal complementarity
such as described for several RNA elements of Ophios-
toma novo-ulmi (Hong et al., 1998); (2) the 22-nucleotide
region conserved among all four GH2 RNAs was part of
a stem structure predicted near the 59-end of RNA 4; and
(3) a relatively short stem-loop was predicted adjacent to
the poly(A)1 tail, regardless of whether A residues from
the poly(A)1 tail were included in the folded sequence.
Inclusion of (A) residues lengthened the predicted stem-
loop slightly. No clear similarity in predicted folded struc-
tures of 59-terminal regions of CHV3-GH2 satellite and
genomic RNAs was identified.
DISCUSSION
There is considerable variability among viruses that
cause hypovirulence in C. parasitica (Enebak et al., 1994;
Polashock and Hillman, 1994; Shapira et al., 1991b), with
t least three virus families represented. One virus type
ppears to contain a multisegmented genome (Enebak
t al., 1994), but little information about the contribution of
ndividual segments is available. There is also consider-
ble variability in genome structure and sequence within
he family Hypoviridae. CHV3-GH2 is the first member of
his family in which both satellite and defective RNAs
ave been identified, as summarized in Fig. 4.
The biological importance of defective or satellite
NAs of CHV3-GH2 is unknown. Infectious cDNA clones
f CHV3-GH2 genomic dsRNA 1 are not yet available,
AND YUANnd we do not have single conidial isolates that contain
nly a subset of the four RNAs. Many C. parasitica
r visua
t parenisolates containing a single dsRNA of approximately 9.8
kb that cross-hybridizes with CHV3-GH2 dsRNA 1 have
been identified (Paul and Fulbright, 1988; Peever et al.,
1997), but none of these has been fully characterized.
These fungal isolates differ from each other and from
GH2 in colony morphology, but it is not clear what role
the various dsRNAs play in these differences.
Defective RNAs may be generated from genomic
RNAs of many viruses under specific conditions, often
FIG. 3. Map and sequence of dsRNAs 3 and 4. (A) Map of cDNA clon
with direction of DNA synthesis indicated by arrows. The near-full-lengt
with hatched lines; clones derived from PCR reactions are shown as s
and 4-3, are identical and are shown in those relative positions only fo
erminal sequences derived from 59-RACE clones of dsRNAs 3 and 4. In
RNAs OF Cryphonduring rapid, high-multiplicity passage of virus through a
highly susceptible host species (for review, see Holland,1991). Many such RNAs undergo a rapid, predictable
evolution that results in conservation of sequences es-
sential for rapid replication and RNA packaging (e.g.,
White, 1996). DI RNAs are often thought to be unimpor-
tant as components of natural infection, so their long-
term evolution has been less well studied. A notable
exception is citrus tristeza virus, which is associated
with numerous defective RNAs in citrus trees (Mawassi
et al., 1995, 2000) but examining defective RNA evolution
NA 3 and 4. Oligonucleotide primer numbers and positions are shown,
obtained from cDNA synthesis of oligo (dT)-primed dsRNA 3 is shown
es. PCR clones under the 3A and 3B regions, derived from oligos 4-2
l completeness of the map. (B) Sequence of RNA 4 shown with the 59
theses is the 59-terminal sequence of dsRNA cDNA clone pGH2-B3-15.
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among virus genotypes even within a single plant. De-
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1fective RNA evolution in hypoviruses also has not been
well studied: although defective RNAs have been identi-
fied in many hypovirus-infected C. parasitica cultures,
the extent to which they represent by-products of virus
replication in culture as opposed to normal components
of fungal virus populations in nature is unknown. Typi-
cally, C. parasitica isolates are subcultured several times
efore dsRNA extraction and analysis. Large and small
efective RNAs have been identified in association with
HV1 infection and have been partially characterized
Shapira et al., 1991a). While their role in natural infec-
ions is unclear, CHV1-defective RNAs may be generated
rom the 12.7-kb genomic RNA in subculture (Chen et al.,
993).
Whether the CHV3-GH2 defective dsRNA 2 described
ere was present in the natural fungus population or
enerated in culture also is unknown. The apparent
resence of RNAs similar to CHV3-GH2 defective RNA 2
ssociated with related viruses from Ontario would sug-
est that such RNAs may be a component of the natural
opulation (Melzer and Boland, 1999). Defective RNA 2
oes not appear to be part of a heterogeneous mix, but
nstead is very stable. Different subcultures of strain GH2
hat have been maintained by continuous passage or as
tored cultures since the mid-1980s all contain a single
lectrophoretic dsRNA species of 3.5 kb, without appar-
nt larger or smaller defective RNA species (Tartaglia et
l., 1986; Durbahn, 1992; Hillman, unpublished observa-
ions). Several other CHV3 isolates from Michigan con-
FIG. 4. Diagram of CHV3-GH2 dsRNAs 1–4 summarizing information
omain and cleavage sites.
86 HILLMAN, FOaining only a 9.8-kb dsRNA have been maintained in
ontinuous culture without generation of defective RNAs.
g
tt is unknown what viral factors are involved with gener-
tion and maintenance of CHV3 defective RNA.
A feature of many viral defective RNAs of positive-
ense RNA viruses is maintenance of an ORF through a
eletion junction, such that a fusion protein representing
wo different genes is translated (Romero et al., 1993;
hite et al., 1991). Coding capacity of the defective RNA
nd ability to be translated may affect accumulation
Pogany et al., 1995; White et al., 1992). In coronavirus
nfections, defective RNAs encoding large fusion pro-
eins have a selective advantage over those encoding
maller fusion proteins, but translation of the specific
usion protein was not required for defective RNA repli-
ation (Laio and Lai, 1995). The fusion of the complete
utative p32 coding sequence with the complete putative
elicase domain of CHV3-GH2, with little else in be-
ween, is an intriguing feature of RNA 2. Coupled with the
elative lack of mutation in the putative p32 coding se-
uence of RNA 2 compared to the rest of the RNA 2
oding sequence, it is tempting to conjecture that the
NA 2 copy of the p32 coding sequence is functional. We
an only speculate what that function might be, by anal-
gy with the more thoroughly studied CHV1-EP713 (see
uss, 1996). CHV1-EP713 p29 is a papain-like proteinase
hat modulates virus-associated symptoms, but its actual
ole in viral replication is unknown.
The number of differences between the sequences of
sRNA 1 and 2 was somewhat unexpected. Compari-
ons of CHV1-EP713 defective RNAs with homologous
ssed in the text. The arrow shows position of the putative proteinase
AND YUANGLIA,enomic RNA sequences revealed only three substitu-
ions common to the three clones of the defective S-
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X. NumdsRNA that were sequenced, which ranged in size from
595 to 692 nt (Shapira et al., 1991a). Also interesting is
he clustering of mutations near the middle of the RNA 2.
his could represent variability at the RNA level primarily
or structural or replication reasons or could reflect se-
ective advantage at the level of the encoded fusion
rotein. Predicted RNA secondary structures of the pos-
tive strand of dsRNA 2 and the corresponding nucleo-
ides of dsRNA 1 using the program mFOLD (Zuker, 1994)
howed consistent differences around the major deletion
unction site of the two sequences (data not shown).
sRNA 2 was consistently predicted to fold to a lower
nergy conformation in this internal region and contained
ight hairpin structures that were largely absent or much
ess pronounced in corresponding regions of RNA 1.
It is likely that dsRNA 3 represents a product of dsRNA
replication. Similar head-to-tail dimers have been iden-
ified as products of replication of satellites of positive-
ense RNA plant viruses, such as Turnip crinkle virus
TCV) (Altenbach and Howell, 1981), Tobacco ringspot
irus (TobRSV) (Kiefer et al., 1982), and Peanut stunt virus
PSV) (Linthorst and Kaper, 1984), and also associated
ith DI RNA replication (Cascone et al., 1990; Finnen and
ochon, 1995). Of these, TCV satellite and DI RNAs are
mong the most thoroughly studied. TCV sat-RNA C is a
FIG. 5. Relationships among 59-terminal sequences of positive strand
genomic and satellite dsRNAs 1 and 4 with homologous regions of
sequence. Alignment was performed with ClustalX using a gap-openin
drawn from alignment in (A) using the tree-drawing function of Clustal
RNAs OF Cryphoninear, 356-base chimeric RNA comprised of a DI-like
omain at the 39-end and a satellite-like domain at the p9-end (Simon and Howell, 1986). Monomers and mul-
imers can accumulate, and relative ratios of the two are
overned in part by sequences within sat-RNA C (Simon
t al., 1988). Carpenter et al. (1991) proposed a model for
ultimer formation during TCV sat-RNA C replication that
nvolves template switching following synthesis of nas-
ent plus-strand RNA C from newly synthesized minus-
trand template. We have no information about the rela-
ive accumulation of CHV3-GH2 RNA 4 and its presumed
imer form RNA 3, nor what affects this ratio. Also, we
ave looked only at dsRNA accumulation, not ssRNA
ccumulation. There is little information currently avail-
ble about relative accumulation of ss- and dsRNAs
uring replication of members of the Hypoviridae. Study-
ng CHV1 infection and cell-free transcription, Fahima et
l. (1993) found that positive-sense RNA was synthesized
our- to ninefold more than the minus-sense strand, con-
istent with the conclusion that its replication is similar
o that of positive-sense RNA viruses (Chen et al., 1994;
oonin et al., 1991; Shapira et al., 1991b). While we have
oted variations in the relative ratios of dsRNA 3 and
sRNA 4 in different extractions, we have not studied it
ystematically. We have no clear evidence for higher-
rder multimers, although the upper band in Fig. 1 (blot
anel 4) could represent a trimer of dsRNA 4.
povirus dsRNAs. (A) Alignment of 59-terminal nucleotides of CHV3-GH2
nd CHV2 dsRNAs. Shaded residues are identical to the CHV3-GH2
lty of 10 and a gap-extension penalty of 0.2. (B) Neighbor-joining tree
bers at nodes represent bootstrap values out of 1000 trials.
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GLIA,infections. The most thoroughly characterized satellites
of fungal viruses are the killer toxin-encoding dsRNAs
associated with members of the fungal virus family Toti-
viridae (see Wickner, 1996 for review). Satellite RNAs
have also been observed in members of the Partitiviridae
family of dsRNA viruses (e.g., Romanos et al., 1981; Oh
nd Hillman, 1994), though in this case no function has
een ascribed to their presence.
Unlike satellite viruses, which encode their own cap-
id proteins, satellite RNAs may or may not have coding
equences that affect function. Sequences encoding
onstructural proteins of large nepovirus satellite RNAs
re required for their replication (see Fritsch et al., 1993
or review), whereas ORFs of CMV satellite RNA and the
atellite RNA of Bamboo mosaic virus, a member of the
enus Potexvirus, can be disrupted without affecting
atellite replication (Collmer and Kaper, 1988; Lin et al.,
996). Apart from in vitro translation, we currently have
no way of testing the requirement for the dsRNA 4 ORF
or its function.
Based on sequence alignments with genomic RNAs,
we would speculate that CHV3-GH2 dsRNA 4 originated
at least in part from sequences at the 59-end of the
genome. The clearest line of evidence for this is the
relatively large region of sequence identity highlighted in
Fig. 5A. In addition, examination of alignments and of
neighbor-joining trees suggests that the 59-ends of
CHV3-GH2 dsRNAs 1 and 4 cluster together, whereas
the 59-ends of CHV1 and CHV2 form an independent
cluster (Fig. 5B), suggesting that genomic dsRNA 1 of
CHV3-GH2 is more closely related to its satellite dsRNA
4 than it is to other sequenced hypoviruses.
MATERIALS AND METHODS
Cultures and growth conditions
Growth and maintenance of fungal cultures were as
described previously (Fulbright et al., 1983; Hillman et al.,
1990; Smart et al., 1999).
Double-stranded RNA isolation, cloning, and
characterization of clones
Double-stranded RNA was isolated from a total nu-
cleic acid-containing fraction of fungal extracts by CF-11
cellulose (Whatman, Clifton, NJ) column chromatography
essentially as described by Morris and Dodds (1979).
DsRNA segments 1–4 were separated by electrophore-
sis through agarose gels and purified with RNaid (Bio
101, La Jolla, CA). Initially, randomly primed cDNA librar-
ies were made as described by Hillman et al. (1992).
Sequences of a limited number of randomly primed
clones were determined either by manual or, more fre-
quently, by automated dideoxy sequencing using an Ap-
188 HILLMAN, FOplied Biosystems Model 373 sequencer (Applied Biosys-
tems/Perkin Elmer, Foster City, CA). Oligonucleotideprimers for PCR and sequencing were designed based
on sequences determined from randomly primed clones
and synthesized by Life Technologies (Bethesda, MD).
59-RACE clones were constructed following tailing of
cDNA with either A or G residues essentially as de-
scribed previously (Polashock and Hillman, 1994). Se-
quence analysis was performed using ClustalX (Thomp-
son et al., 1997) and DNAstar (Madison, WI) programs,
and using the NCBI BLAST programs.
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